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If adenines and thymines in two mutually complementary mixed-
base peptide nucleic acid (PNA) oligomers are substituted with
diaminopurines and thiouracils, respectively, so-called pseudo-
complementary PNAs (pcPNAs) are created. Pairs of pcPNAs have
recently demonstrated an ability to highly selectively target es-
sentially any designated site on double-stranded DNA (dsDNA)
by forming very stable PNA-DNA strand-displacement complexes
via double duplex invasion (helix invasion). These properties of
pcPNAs make them unique and very promising ligands capable of
denying the access of DNA-binding proteins to dsDNA. To elucidate
the sequence-unrestricted mechanism of sequence-specific dSDNA
recognition by pcPNAs, we have studied the kinetics of formation
of corresponding PNA-DNA complexes at various temperatures by
the gel-shift assay. In parallel, the conditions for possible self-
hybridization of pcPNA oligomers have been assayed by mixing
curve (Job plot) and thermal melting experiments. The data indi-
cate that, at physiological temperatures (=~37°C), the equilibrium is
shifted toward the pairing of corresponding pcPNAs with each
other. This finding explains a linear concentration dependence,
within the submicromolar range, of the pcPNA invasion rate into
dsDNA at 37°C. At elevated temperatures (>50°C), the rather
unstable pcPNA duplexes dissociate, yielding the expected qua-
dratic dependence for the rate of pcPNA invasion on the PNA
concentration. The polycationic character of pcPNA pairs, carrying
the duplicated number of protonated terminal PNA residues com-
monly used to increase the PNA solubility and binding affinity, also
explains the self-inhibition of pcPNA invasion observed at higher
PNA concentrations. Melting of pcPNA duplexes occurs with the
integral transition enthalpies ranged from —235 to —280 kJ-mol—",
contributing to an anomalously high activation energy of ~150
kJ-mol=" found for the helix invasion of pcPNAs carrying four
different nucleobases. A simplified kinetic model for pcPNAs helix
invasion is proposed that interprets all unusual features of pcPNAs
binding to dsDNA. Our findings have important implications for
rational use of pcPNAs.

double-stranded DNA | pseudocomplementary PNA | sequence-selective
recognition

Peptide nucleic acids (PNAs) and their derivatives are of
significant biomedical and biotechnological interest as pro-
spective biomolecular tools for highly selective manipulation of
nucleic acids (1-8). Recently, a new modification of PNAs has
been introduced for sequence-unrestricted targeting of double-
stranded DNA (dsDNA). Along with ordinary guanines and
cytosines, these PNAs, dubbed pseudocomplementary PNAs
(pcPNAs; refs. 9 and 10), carry 2,6-diaminopurines (D) and
2-thiouracils (*U) instead of adenines and thymines, respectively.

Model building revealed a steric clash between the bulky thio
group of U (or similarly modified thymine) and one of the two
amino groups of D within the SU-D pair (9, 11). This clashing
effect must severely destabilize the pcPNA-pcPNA duplexes
whereas binding of each pcPNA oligomer to its DNA comple-
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ment should not be affected or may even become stronger, as
compared with unmodified PNAs (ref. 9; Fig. 1la). As a result,
under typical experimental conditions with temperatures near
37°C, two pcPNA oligomers invade the complementary dsDNA
site with mixed sequence of purines and pyrimidines by forming
very stable double-duplex invasion complexes (ref. 9; Fig. 1b).

This unusual mode of dsDNA recognition, i.e., the double
duplex (or helix) invasion, is very promising for advancement of
the antigene strategy by selectively blocking binding sites for
DNA-processing proteins (9, 10, 12). It may also have various
biotechnological applications, including the PNA-assisted DNA
rare cleavage (10, 13-17), duplex DNA capture (8, 18, 19),
topological DNA labeling (8, 20-23), direct DNA sequencing (8,
17, 24), and hybridization of molecular beacons to dsDNA (8, 25,
26). Although the previous studies have provided convincing
evidence for the double-duplex invasion mode of pcPNA binding
to dsDNA (9, 10), the mechanism of this process is still not well
characterized, and key factors controlling the formation of
pcPNA-dsDNA complexes have yet to be revealed.

Understanding the mechanism of dsDNA helix invasion by
pcPNAs is critically important for future design of DNA-
targeting drugs capable of effective interference with proteins
working on dsDNA, and for dSDNA manipulation. To reveal the
helix invasion mechanism underlying the process of the pcPNA-
dsDNA complex formation, we have performed a kinetic study
of mixed-base pcPNA binding to dsDNA targets complemented
by the mixing curves (Job plot) and thermal melting analyses of
the stability of pcPNA homoduplexes. On the basis of our
experimental findings, we propose a phenomenological model
for the process of pcPNA invasion into the dsDNA target. Our
model explains the unusual features of pcPNA binding to
dsDNA observed in our experiments and yields substantial
conclusions for prospective applications of this new generation
of PNAs.

Materials and Methods

PNA Oligomers. In the present study, we used the following
pcPNA oligomers: PNA I, HLys,-*UsSUGD*UCDD-LysNH,;
PNA II, HLys,-*UCDDDCDSUGC-LysNH,; and PNA III,
HLys,-GCDSUGSUSUSUGD-LysNH,. The PNAs were synthe-
sized as described in ref. 9. As usual, the normally neutral PNA
oligomers were appended with the cationic Lys residues to
increase the PNA solubility and, in particular, binding efficacy

Abbreviations: dsDNA, double-stranded DNA; PNA, peptide nucleic acid; pcPNA,
pseudocomplementary PNA; D, 2,6-diaminopurine; U, 2-thiouracil.

*To whom reprint requests should be addressed. E-mail: vwd@bu.edu or mfk@ bu.edu.
*Present address: Boston University School of Medicine, Boston, MA 02118.
SPresent address: Mount Sinai School of Medicine, New York, NY 10029.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

PNAS | April 30,2002 | vol.99 | no.9 | 5953-5958

>
=
=
i
=
frr}
=
(%
=
o




a b

2k

pcPNAs
transient

complex

double-duplex
invasion complex

/ N / \ i
dsDNA
/ H

N O
sU H\ /H N /H
7 KH | - v |
"’“"N/ ‘ N\ﬁ /D[ N\W
@K\N —N\ k\N N\

Fig. 1. Schematics of dsDNA recognition by pcPNAs, which carry modified
nucleobases, D instead of A and U instead of T, along with the ordinary G and
C. (a) Base pairing schemes showing that a steric clash departs D and U from
each other, hence significantly obstructing the complementary interactions
between thus modified PNA nucleobases. Nonetheless, they can form stable
pairs with normal DNA counterparts. (b) Outline of the double-duplex inva-
sion process, which is based on the data presented in the this paper. A pair of
pPcPNAs can invade the dsDNA target site only in a free form after dissociation
of pcPNA duplexes. As a result, the double-duplex invasion complex forms
inside the DNA duplex via the strand displacement.

(7, 10). Consequently, all PNAs carried +4 charges: protonated
e-amino groups of three conjugated Lys residues plus one extra
amino group of N-terminal Lys (7). Molar PNA concentrations
were determined spectrophotometrically as described be-
fore (10).

DNA Targets. In the present study, we used plasmid DNAs
carrying the PNA-binding sites that follow: pSD1, matched
binding site for PNA I (TTGATCAA); pSD1/m2, mismatched
binding site for PNA I (TAGATCAA; the mismatched nucleo-
base is underlined); and pSD2, matched binding site for PNAs
II and III (GCATGTTTGA). All plasmids are pUC19 deriva-
tives with the corresponding insert being at the polylinker
cloning site.

Gel-Shift Assay. Binding of pcPNAs to the Pvull-digested plas-
mids (PNA-binding sites are located within the ~350-bp-long
DNA fragment) was monitored by gel electrophoresis in 0.5 X
TBE (45 mM Tris/45 mM boric acid/0.5 mM EDTA, pH
8.0)-containing, nondenaturing 7.5% polyacrylamide gels. To
this end, the helix-invasion reactions were carried out at different
temperatures and different PNA concentrations (PNA amount
was in a severalfold excess over DNA). Aliquots were withdrawn
at specified times, and reactions were stopped by immediately
increasing the concentration of salt to 100 mM NacCl, followed
by cooling to 0°C, or freezing. After electrophoresis, DNA was
visualized by ethidium bromide staining and detected with a
charge-coupled device (CCD) camera connected to the IS-1000
digital imaging system /software (Alpha Innotech, San Leandro,
CA). Quantitative analysis of pcPNA-dsDNA complex forma-
tion was done by measuring the normalized intensities of faster
and slower migrating bands (see Fig. 2), which correspond to free
DNA fragment and to its complexes with PNA, respectively (10).

Study of pcPNA-pcPNA Association. PNA mixing curves (Job plots)
and thermal melting curves were obtained on a Cary-Varian
(Palo Alto, CA) 4G UV-visible spectrophotometer equipped
with a water-circulated temperature-controlled cell holder. The
quasi-equilibrium absorbance vs. temperature profiles for
pcPNA-pcPNA complexes were recorded at 275 and 272 nm for
PNA I, and PNAs II and III, respectively, with the total PNA
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Fig. 2. Polyacrylamide gel mobility shift assay of pcPNA-dsDNA complex
formation. (a) Binding of PNA | to matched (pSD1; lanes 1-3) vs. mismatched
(pSD1/m2; lanes 4-6) dsDNA targets (see Materials and Methods for descrip-
tion of target plasmids). Conditions: 20 mM sodium phosphate buffer (pH 7.0),
37°C, 10 h. PNA concentration varies from 0.15 uM (lanes 1 and 4) through 0.63
uM (lanes 2 and 5) to 2.5 uM (lanes 3 and 6). Sometimes, in experiments with
this PNA, we observed the appearance of minor upper bands (like in lanes 2
and 3) corresponding to the secondary pcPNA-dsDNA complexes. Their for-
mation could be due to the palindromic character of this particular recogni-
tion sequence allowing the formation of alternative strand-displacement
structures. We did not observe such additional bands in case of the pcPNAs
targeting to a nonpalindromic dsDNA site (10). (b) Kinetics of PNA | binding to
pSD1 target as monitored by gel-shift assay. Conditions: 20 mM sodium
phosphate buffer (pH 7.0), 40°C, 2 uM PNA.

strand concentration about 10 uM, using a slow heating rate of
~(.65°C per min. The normalized UV melting curves were
calculated as the ratio of the difference between the absorbance
at each temperature and lower baseline to the difference be-
tween the linearly sloping lower and upper baselines, as de-
scribed in ref. 27.

Results and Discussion

The pcPNA-dsDNA Binding Kinetics. We used a gel-shift assay to
quantitatively study the formation of PNA-DNA complexes. Fig.
2a shows typical patterns demonstrating that the binding of the
pseudo self-complementary 8-mer PNA I to the correct dsSDNA
target fragment results in its significant retardation (see lanes
1-3). Fig. 2a also shows that the pcPNA-dsDNA complex
formation proceeds with a high sequence specificity: pcPNA 1
forms stable complexes with the complementary dsDNA target
but not if there is a single mismatch inside the PNA-binding site
(lanes 4—6). Similar data have previously been obtained by us for
binding of pcPNAs I/II (both 10-mers) to the correct vs.
mismatched dsDNA target: pcPNA-dsDNA complexes highly
selectively formed with the complementary DNA target and only
if both pcPNAs were present (9, 10).

Fig. 2b demonstrates that the gel-shift assay can be readily
used to follow the time-course of the pcPNA-dsDNA complex
formation. We then quantitatively studied the pcPNA-dsDNA
binding kinetics under a variety of conditions. Fig. 3a shows that
the binding of pcPNAs to correct dsDNA sites obeys pseudofirst-
order kinetics:

C =1 — exp(—k), [1]

where C is the fraction of PNA-DNA complexes formed by the
time ¢ and ks is the pseudofirst-order rate constant, which can
be determined from the slope of the kinetic curves linearized in
a semilogarithmic plot. As it was expected for the double-duplex
mode of pcPNA invasion, ks is not affected by the change of pH
in the range from 6.4 to 7.6 (data not shown). This is in a sharp
contrast to the case of pyrimidine (T,C-containing) PNAs, which
bind to dsDNA via triplex invasion (28, 29).

To better understand the mechanism of the dsDNA recogni-
tion by pcPNAs, we have studied the concentration and tem-
perature dependencies of the pcPNA invasion kinetics. The
pseudofirst-order character of the pcPNA-dsDNA binding ki-
netics allows us to quantitatively analyze the effect of PNA
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Fig. 3. Kinetic analysis of pcPNAs binding to the complementary dsDNA targets (C is the fraction of PNA-DNA complexes formed at a certain time). (a)
Semilogarithmic plot of the kinetic data on binding of PNA | (curve 1; open circles) and PNAs 11 /111 (curve 2; filled circles) to pSD1 and pSD2 targets, respectively.
Conditions: 3.5 uM pcPNA |, 10 mM sodium phosphate buffer (pH 7.0), 37°C; 1.8 uM pcPNAs 11 /111, 20 mM sodium phosphate buffer (pH 7.0), 45°C. Note that the
apparent upward curvature observed for two kinetic curves presented here should be ascribed to the experimental uncertainties in the measurements at each
point: other similar curves (not shown) exhibited the random distribution of points near a straight line or, occasionally, somewhat downward curvature. (b)
Double-logarithmic plot of the fraction of PNA-DNA complexes formed by pcPNAs 11 /11l with pSD2 targets for 20 h at 37°C (curve 1; filled circles) or for 1 h at
50°C (curve 2; open circles) at different PNA concentrations. Conditions: 20 mM sodium phosphate buffer (pH 7.0), PNA concentration varies from 0.06 uM to
0.8 uM. Thesslope of linear approximationsis equal to 1.1 (correlation factor: 0.98) and 1.7 (correlation factor: 0.99) at 37°Cor 50°C, respectively. (Inset) Percentage

of PNA-DNA complexes formed by pcPNAs Il /11l at 50°C in a wider range of PNA concentrations.

concentration on the rate of PNA-to-DNA invasion by using a
double-logarithmic plot. Varying the PNA concentration at a
fixed incubation time and reasonably assuming that

kys ~ [PNAT, [2]

a straight line is expected when In(—In(1 — C)) is plotted vs.
In[PNA]. Indeed, by substituting Eq. 2 to Eq. 1, we obtain:

In(—In(1 = C)) = n In[PNA] + const. [3]

Eq. 3 shows that exponent # is equal to the slope of these linear
plots.

We naturally expected the rate of the double-duplex invasion
process performed by a pair of pcPNA oligomers to grow
quadratically with the increasing total PNA concentration (when
both pcPNAs are present at equal amounts). Surprisingly, our
data showed that at 37°C the kp values for pcPNAs II/1II
demonstrated linear, rather than quadratic, dependence on the
PNA concentration (line 1 in Fig. 3b) whereas the expected,
nearly quadratic dependence of kps on PNA concentration was
observed only at elevated temperature (line 2 in Fig. 3b). Also
surprisingly, at high concentrations of pcPNAs II/II1, a further
increase of PNA concentration did not result in acceleration of
PNA binding but, on the contrary, inhibited their binding to
dsDNA (see inset in Fig. 3b). Note that a similar inhibitory effect
had been previously observed for PNA I (10), as well as for
polycationic pyrimidine bis-PNAs (P.E.N. and H. J. Larsen,
unpublished data).

Our studies on temperature dependence of pcPNA invasion
into dsDNA have also yielded unexpected results. Indeed, the
value of the apparent activation energy E? = 150 + 22 kJ-mol !
for binding ofchNAs II/11I (Fig. 4, line 2) is much higher than
the value of E7 = 60-90 kJ-mol~!, which had been obtained for
the dsDNA triplex invasion with pyrimidine PNAs (30, 31). It is
also much higher than the value of E# = 70 kJ-mol~! reported
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recently for the binding of pcPNA consisting of the alternating
D and U nucleobases to [poly(dA-dT)], (32). Fig. 4 demon-
strates that binding of pcPNA I to dsDNA at lower temperatures
also occurred with very high energy of activation (E¥ = 156 +
16 kJ-mol~1; five points from the right part of curve 1 were used
for this estimation), whereas a significantly lower value (E¥ =
92 + 29 kJ'mol™!; four points from the left part of the same
curve) was observed at higher temperatures.

To explain the surprising effects of PNA concentration and
temperature on the helix invasion kinetics of mixed-base
pcPNAs, we have hypothesized that, despite a steric clash
between D and U nucleobases, a pair of pcPNA oligomers can

Inkps
-3

-7 : T T
3.16 3.20 3.24 3.28 10T (°K")
Fig. 4. The Arrhenius plots of kinetic data for binding of 0.8 uM pcPNA |
(filled circles) and 0.6 uM pcPNAs 11/11l (open circles) to the complementary
dsDNA targets in 20 mM sodium phosphate buffer (pH 7.0). To draw these
graphs, the pseudofirst-order rate constants, ks, were determined at differ-
ent temperatures, T. The slopes of thus obtained Arrhenius plots yield the
apparent activation energies of 150 kJ-mol~" for pcPNAs I1/1ll(curve 2), and
156 or 92 kJ-mol~" for pcPNA | (curve 1) at lower and higher temperatures,
respectively.
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Formation and melting of pcPNA duplexes in 10 mM Tris:HCl buffer (pH 7.6) containing 10 mM Nacl. (a) Mixing curves for pcPNAs 11 /11l obtained by

variation of their molar ratios at 24°C (filled circles) and 48°C (open circles). (b) Temperature dependencies of the fraction of melted pcPNA duplexes obtained
by the normalization of the absorbance vs. temperature profiles as described in Materials and Methods: PNA |, filled circles; equimolar ratio of PNAs Il and IlI,
open circles. (Inset) van't Hoff's plots obtained from the melting curves presented in the main figure (PNA |, right line; PNAs Il /111, left line).

actually form a weak PNA-PNA duplex, similar to the case for
pseudocomplementary mixed-base oligonucleotides at lower
temperatures (11). As it is shown below, such an assumption
explains the unexpected features of the pcPNAs binding to
dsDNA. In the next section, we present our data that directly
demonstrate the duplex formation between pcPNA oligomers.

Formation and Melting of pcPNA Duplexes. Fig. Sa shows the mixing
curves obtained for pcPNAs II/III at two different tempera-
tures. It is clearly seen that at 24°C this pair of PNAs forms 1:1
complexes, whereas no complex formation is detected at 48°C.
The hypochromicity observed for equimolar mixing of PNAs IT
and III lies in the range of 10-16%. We also noticed a similar
although less pronounced minimum (=~7% hypochromicity) on
the room temperature-mixing curve for pcPNAs 1495/1496
(data not shown), which were studied earlier (9). A weak
hypochromic effect exhibited by pcPNA duplexes, which is
smaller than usually observed with common PNA duplexes
(33), is one of the reasons why this effect was previously
overlooked (9).

Fig. 5b shows the melting curves for PNAs I and PNAs I1/111.
These data additionally prove that pcPNA duplexes are rather
unstable and cannot be observed at temperatures higher than
50°C. The temperature dependencies of the fraction of melted
pcPNA duplexes, f, were analyzed to estimate the integral
enthalpy (AH) of pcPNA duplex melting/formation. Consider-
ing the melting of these duplexes as the all-or-non transition, the
values of the equilibrium constant of duplex formation, K4, were
determined at each temperature by using the equation (27, 33):

Kq=2(1~f)/f}[PNA], [4]

with [PNA] ~ 10 uM (total strand concentration) in our
experiments. Then, assuming that AH is a temperature-
independent value, its meaning could be obtained from the slope
of the van’t Hoff’s plots presented in the Inset of Fig. 5b.
Consequently, it was found that AH ~ —235 or —280 kJ-mol !
for the 8-mer pcPNA I and for the 10-mer pcPNAs II/11I,
respectively.
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Mechanism of the Double-Duplex Invasion. On the basis of the
obtained kinetic data along with the earlier evidence for the
invasion of a pair of pcPNAs into the DNA duplex (9, 10), we
assume that the rate-limiting step in this process consists in the
formation of a transient tertiary “open” complex involving
dsDNA and two pseudocomplementary PNA oligomers. We
believe that such a complex is formed, as in the case of
pyrimidine PNA triplex invasion (7, 28, 30, 31), because of a
small-scale opening of dsDNA (DNA “breathing”; see the
theoretical analysis below) and it may be schematically presented
as in Fig. 1b.

Once the transient (pcPNA),-dsDNA complex forms, the
final structure in Fig. 1b, i.e., the complete double-duplex
invasion complex, is formed very rapidly (within microsecond
range) via synchronous zippering of two PNA-DNA duplexes.
This rapid process goes downhill in the free energy landscape
because at each step one DNA-DNA base pair is replaced by two
PNA-DNA base pairs, each of which is at least as stable as the
DNA-DNA base pair. Note that, although the latter argument
is valid for both modified and normal base pairs, no temperature
range exists in case of normal nucleobases, where the double-
duplex invasion complexes (both transient and complete ones)
are energetically favorable, as compared with two regular DNA—-
DNA and PNA-PNA duplexes.

We also assume that the double-duplex invasion complex
should be kinetically stable even under conditions where its
dissociation is thermodynamically favorable (say, after removal
of pcPNAs from solution). In other words, we assume, in
agreement with experiments (9, 10), the lifetime of this complex
to be very large under conditions in which PNA-DNA complexes
are normally studied. Therefore, we can consider the pcPNAs
binding to dsDNA as virtually irreversible, which makes it
possible to theoretically treat the course of pcPNA invasion into
dsDNA by using a simplified scheme (see the next section).

This situation is analogous to the cases of the dissociation of
linear DNA duplexes (34) or PNA-DNA triplex invasion com-
plexes (35, 36). Indeed, the energetics of the elementary steps of
these processes look very similar—dissociation of two PNA-
DNA base pairs of the double-duplex invasion complex results
in the restoration of one DNA base pair. Nevertheless, there are

Demidov et al.



important differences between these cases. (i) PNA-DNA het-
eroduplex is normally more stable than DNA-DNA homoduplex
(37, 38); (ii) PNA-PNA homoduplex can also form under the
same conditions in case of pcPNAs.

Kinetic Consideration of the Double-Duplex Invasion Reaction. Our
phenomenological model of the pcPNA binding to dsDNA is
shown in Fig. 1b. According to this model, the pcPNA-dsDNA
complex formation can be described by a set of the two chemical
equations (we neglect the short-living transient complexes):

Py 2P; [5]
D + 2P;= DP, [6]

where Py, Py, D and DP represent free pcPNA oligomers, their
“complementary” duplex, DNA target and the final helix inva-
sion complex, respectively. In Eq. 6, we ignore the reverse
reaction because, under our experimental conditions, this pro-
cess is negligible, as compared with the forward reaction, due to
the very high stability of pcPNA-dsDNA complexes (refs. 9, 10
and the previous section).

We also assume that only “free,” single-stranded pcPNAs
(their equilibrium concentration being [PNA]f) can invade the
DNA duplex, whereas association of pcPNAs into PNA duplexes
prevents their binding to the dsDNA target. Typically, PNA is
taken in excess over DNA, and, therefore, the PNA concentra-
tion can be considered as constant. Under these assumptions,
Egs. 5 and 6 yield the pseudofirst-order rate constant of the
pcPNA binding to dsDNA, ks, as follows:

kps = ko[PNAF, [7]

where k, characterizes the energetics of helix invasion reaction
determined predominantly by dsDNA opening (30, 31). We
assume the temperature dependence of k, as exp(E}/RT), where
R is the universal gas constant and E} is the activation energy of
fluctuational openings of the DNA duplex.

Because the PNA-to-DNA helix invasion process described by
Eq. 6 proceeds rather slowly, at least by one order of magnitude
slower than the formation of PNA-PNA duplexes (39), we may
treat the equilibrium process described by Eq. 5 as an uninter-
rupted one. Hence, at equilibrium we obtain:

[PNA]y/[PNAT = K, (81
and
[PNA]; + 2[PNA]; = [PNA], [9]

where Kq = K, exp(AH/RT) is the pcPNA duplex stability
constant (K, is the temperature-independent coefficient),
[PNA]q is the concentration of pcPNA duplexes, and [PNA] is
the total pcPNA concentration. Eqgs. 8 and 9 yield:

[PNAJ? + 1/2K ;' [PNA], — 1/2K ;' [PNA] =0,  [10]
which can be solved with respect to [PNA] as:
[PNA];/[PNA] = [(1 + 8[PNAJK,)"? — 1]/4[PNAIK,.  [11]

Let us consider two different situations studied by us: the
reaction temperature is (i) rather low and close to 7Ty, (so that
[PNA]Kg = 1) or (if) higher than Ty, (so that [PNA]Ky << 1).
Then, for the “low-temperature” limit, Eq. 11 can be reduced to:

[PNA]; ~ ([PNA]/2K,)". [12]

Note that, because of a large numerical coefficient at the
[PNA]K4 term in the nominator of the right part of Eq. 11, Eq.
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12 is approximately valid even at T = T,,, ([PNA]Kq = 1). At the
“high-temperature” limit (when [PNA]K4 << 1) we obtain from
Eq. 11:

[PNA]; = [PNA]. [13]

Substituting Eqs. 12 and 13 to Eq. 7, we see that a linear
dependence of the invasion rate on the total PNA concentration
is expected at the low-temperature limit:

kps -~ ko[PNA]/Kd> [14]

whereas a quadratic dependence of the invasion rate on the total
PNA concentration is expected for the high-temperature limit:

kps ~ ko[PNAT, [15]

in full agreement with our experimental data presented in
Fig. 3b.

Moreover, at the low-temperature limit, when Eq. 14 is valid,
the apparent activation energy is:

E¥f =E;+ (-AH), [16]

where AH is the melting enthalpy of pcPNA duplexes and E}
accounts mostly for the energetics of duplex DNA opening.
Therefore, again in agreement with our experimental data
presented in Fig. 4, the apparent activation energy for the
process of pcPNA helix invasion at normal temperatures (7' ~ T,
= 30-40°C) should be much higher than that of pyrimidine
PNAs strand-displacement reactions. The fact that, although
anomalously high, E¥ < —AH = 235-280 kJ‘mol~! in this
temperature range (as estimated above) indicates that either
partial melting of pcPNA duplexes is enough to form the
transient PNA-DNA complex shown schematically in Fig. 1o or
there may be other temperature-dependent processes that some-
what mask (or compensate) the entire effect of pcPNA duplex
melting.

According to Eq. 15, the E¥ value for the pcPNA invasion
must be lower at higher temperatures approaching the activation
energy, Ej, for small-scale openings of dsDNA. Because at
normal conditions the equilibrium is strongly shifted toward the
formation of the DNA duplex, only single base pairs are fluc-
tuationally open (40—42). Therefore, the E; value can be esti-
mated on the basis of the DNA melting parameters as £, =
|AH,| = 30-40 kJ-mol~!, where AH,, is the melting enthalpy
per DNA base pair (43). The inequality takes into account the
additional enthalpy (still unknown) necessary for the formation
of an open region inside of a duplex as well as the fact that the
activation enthalpy is normally larger than the enthalpy changes.
The E} value was also estimated from the NMR studies of
dsDNA opening dynamics as E, = 40-100 kJ-mol~! (44-46).
Thus, it is reasonable to expect for the high-temperature pcPNA
invasion the E¥ value to be around or lower than 100 kJ-mol~,
which is indeed the case for PNA I (see Fig. 4).

We did not observe a similar trend in case of PNAs II/III
probably because the high-temperature limit for this pcPNA pair
corresponds to significantly higher temperatures (=55-60°C),
which are close to the dsDNA melting transition. Note that Tuite
et al. (32) studied pcPNA consisting only of D and U. Hence, the
corresponding PNA duplexes are expected to be less stable than
those formed by GC-containing pcPNAs we study here. In case
the pcPNA duplex is formed solely of D-U base pairs, it must
be completely melted under normal temperatures and no effect
on binding kinetics (and the activation energy) is expected.

In addition to explaining the anomalous concentration and
temperature dependencies of the rate of pcPNA invasion at
normal temperatures, the process of pcPNA duplex formation
explains also the effect of pcPNA invasion inhibition at high
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PNA concentrations. Indeed, pcPNA duplexes carry eight pos-
itive charges (each pcPNA oligomer contributes four positive
charges; see Materials and Methods) and hence they should
exhibit, like any polycation, a strong stabilizing effect on dsDNA.
Therefore, the presence of heavily charged pcPNA duplexes,
whose fraction increases with the growth of PNA concentration,
causes self-inhibition of pcPNA invasion at some point (despite
the overall increase in the concentration of “free” PNA; see
Eq. 12).

Significance of the pcPNA Duplex Formation. The formation of
pcPNA duplexes that we demonstrate here entails several sig-
nificant consequences for the rational use and further develop-
ment of pcPNAs. First, this process should result in enhanced
sequence specificity of pcPNA-dsDNA complex formation via
the “stringency clamping” effect of structurally constrained
probes, as was the case for site-specific DNA recognition by
different DNA clamps (47, 48). Second, the pcPNA duplex
formation causes the inhibition of the invasion process at
elevated PNA concentration. Hence, optimization of pcPNA
charges could be required in some cases to avoid these problems.
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